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ABSTRACT

Background: There is currently no instrument to stratify patients presenting with ischemic stroke
according to early risk of recurrent stroke. We sought to develop a comprehensive prognostic
score to predict 90-day risk of recurrent stroke.

Methods: We analyzed data on 1,458 consecutive ischemic stroke patients using a Cox regres-
sion model with time to recurrent stroke as the response and clinical and imaging features typi-
cally available to physician at admission as covariates. The 90-day risk of recurrent stroke was
calculated by summing up the number of independent predictors weighted by their corresponding
�-coefficients. The resultant score was called recurrence risk estimator at 90 days or RRE-90
score (available at: http://www.nmr.mgh.harvard.edu/RRE-90/).

Results: Sixty recurrent strokes (54 had baseline imaging) occurred during the follow-up period.
The risk adjusted for time to follow-up was 6.0%. Predictors of recurrence included admission
etiologic stroke subtype, prior history of TIA/stroke, and topography, age, and distribution of brain
infarcts. The RRE-90 score demonstrated adequate calibration and good discrimination (area
under the ROC curve [AUC] � 0.70–0.80), which was maintained when applied to a separate
cohort of 433 patients (AUC � 0.70–0.76). The model’s performance was also maintained for
predicting early (14-day) risk of recurrence (AUC � 0.80).

Conclusions: The RRE-90 is a Web-based, easy-to-use prognostic score that integrates clinical
and imaging information available in the acute setting to quantify early risk of recurrent stroke.
The RRE-90 demonstrates good predictive performance, suggesting that, if validated externally,
it has promise for use in creating individualized patient management algorithms and improving
clinical practice in acute stroke care. Neurology® 2010;74:128 –135

GLOSSARY
AUC � area under the ROC curve; CI � confidence interval; DWI � diffusion-weighted imaging; ROC � receiver operating
characteristic; RRE-90 � recurrence risk estimator at 90 days.

The risk of recurrent stroke is highest during the first 90 days after an index stroke; longitudinal
studies indicate that approximately 1 out of every 2 recurrences occurring in the first year
occurs within the first 90 days.1-5 Prevention of such events is critical because early recurrence is
associated with severe consequences including longer duration of hospitalization and increased
neurologic disability and death.6,7 Several recent studies consistently indicate that early initia-
tion of available treatments after TIA or minor stroke is imperative to avoid missed opportuni-
ties to prevent a recurrent stroke.8-10 Nevertheless, prioritization occurs in clinical practice
because diagnosis and treatment of stroke is often constrained by queues, limited resources, or
even by patient reluctance.11 Because the majority of patients will not have a subsequent
ischemic event after stroke, a tool that could identify patients at high risk of early recurrent
stroke, in whom urgent evaluation and intervention is most justified, would be of tremendous
benefit. There is currently no robust prognostic tool for predicting the short-term risk of
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recurrent stroke. Available prognostic models
such as the Stroke Prognosis Instrument II12

and The Essen Stroke Risk Score13 are de-
signed to predict the long-term risk and have
not been validated for short-term risk predic-
tion. Our goal was to develop a predictive
score based on information typically available
to the physician at the time of hospital admis-

sion to estimate the 90-day risk of recurrent
stroke.

METHODS Patient population. The primary derivation

cohort was retrospectively identified from consecutive patients

with ischemic stroke who were admitted within 72 hours of

stroke onset between 2003 and 2006 to a single center. We col-

lected data on previously published clinical1-7,14-18 and imaging

features7,19-23 of index stroke associated with increased risk of re-

Table 1 Baseline clinical and imaging characteristics

Recurrent stroke:
No (n � 1,398)

Recurrent stroke:
Yes (n � 60) HR (95% CI) p

Age, y, median (IQR) 72 (60–80) 74 (60–80) 1.01 (0.99–1.02) 0.529

Male gender, n (%) 749 (54) 34 (57) 1.08 (0.65–1.79) 0.781

Hypertension, n (%) 979 (70) 44 (73) 1.30 (0.73–2.30) 0.376

Diabetes mellitus, n (%) 336 (24) 13 (22) 0.85 (0.46–1.57) 0.609

Atrial fibrillation, n (%) 417 (30) 14 (23) 0.85 (0.46–1.54) 0.582

Smoking, n (%) 295 (21) 15 (25) 1.21 (0.67–2.17) 0.527

History of TIA or stroke within the month
preceding index stroke, n (%)

96 (7) 14 (23) 3.86 (2.12–7.02) �0.001

Admission NIH Stroke Scale score,
median (IQR)

7 (3–14) 5 (3–9) 0.97 (0.92–1.01) 0.120

Admission plasma glucose level
>140 mg/dL, n (%)

448 (32) 14 (23) 0.71 (0.39–1.29) 0.263

Admission CCS subtype, n (%)

Large artery atherosclerosis 315 (23) 23 (38) 10.65 (1.44–78.90) �0.001

Extracranial ICA stenosis 131 (9) 6 (10)

Cardio-aortic embolism 346 (25) 12 (20) 6.20 (0.81–47.72)

Small artery occlusion 152 (11) 1 (2) 1.00

Other causes, n (%) 72 (5) 11 (18) 20.87 (2.69–161.66)

Dissection 50 (4) 7 (12)

Other rare causes 22 (2) 4 (7)

Undetermined causes 513 (37) 13 (22) 3.74 (0.49–28.56)

Treatment after index stroke, n (%)

Anticoagulation 568 (41) 25 (42) 0.92 (0.55–1.54) 0.759

Antiplatelet therapy 939 (67) 41 (68) 0.91 (0.53–1.57) 0.742

Statin 791 (57) 30 (50) 0.65 (0.39–1.08) 0.095

ACE inhibitor/angiotensin receptor blocker 375 (27) 16 (27) 0.90 (0.51–1.59) 0.714

Carotid endarterectomy/angioplasty/stent 64 (5) 3 (5) 1.19 (0.37–3.81) 0.764

Time to carotid intervention, d, median (IQR) 5 (3–9) 5 (3–80) 1.01 (0.98–1.04) 0.536

Imaging predictors, n (%)

Multiple infarcts of different ages 134 (11) 20 (37) 4.27 (2.46–7.43) �0.001

Simultaneous infarcts in different
circulations

128 (11) 15 (28) 3.16 (1.74–5.74) �0.001

Multiple acute infarcts 544 (45) 41 (76) 3.65 (1.96–6.82) �0.001

Chronic infarcts 408 (34) 25 (46) 1.57 (0.92–2.69) 0.097

Internal watershed infarcts 47 (4) 5 (9) 1.99 (0.79–4.99) 0.143

Isolated cortical infarcts 125 (10) 12 (22) 2.07 (1.09–3.93) 0.026

Isolated lacunar infarcts 191 (16) 2 (4) 0.21 (0.05–0.86) 0.030

Subcortical with or without cortical infarcts 887 (74) 40 (74) 1.09 (0.60–2.01) 0.774

Abbreviations: CCS � Causative Classification of Stroke System; CI � confidence interval; HR � hazard ratio; IQR �

interquartile range.
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current events through medical record search (table 1). MRI
analysis was performed by visual assessment of images obtained
at the time of index stroke blinded to the patient’s recurrence
status. Table 2 presents the definitions used for each imaging
feature. The image acquisition parameters were summarized in
detail elsewhere.24 For each imaging feature, we calculated inter-
examiner reliability based on assessment of 200 consecutive pa-
tients by 2 examiners blinded to each other’s assignments.

Two investigators retrospectively acquired 90-day follow-up
information through review of data collected within the context
of a prospective study that assessed clinical outcome by phone
interview25 and inspection of medical records and the social secu-
rity death index. A separate neurologist adjudicated recurrent
events by evaluating all pertinent brain images without the
knowledge of clinical and diffusion-weighted imaging (DWI)
characteristics of the index stroke.

All patients underwent an assessment of medical history,
physical examination, brain CT/CT angiography or MRI/mag-
netic resonance angiography, EKG, CBC, and blood chemistry.
The stroke etiology was classified according to the Causative
Classification of Stroke System18 using information available af-
ter initial line of tests listed above.

Standard protocol approvals, registrations, and patient
consents. The study protocol received approval by the local
institutional review board.

Generation of the predictive model and statistics. The
study end point was time to last known to be free of recurrent
stroke or nonstroke death. We considered that the end point was
reached after the first event in patients who had multiple recur-
rent events within 90 days. We defined recurrent stroke as a
clinical incident that is clearly attributable to a new area of brain

infarction visualized by imaging as spatially distinct from the
index lesion.

We used univariate Cox regression to identify baseline differ-
ences in clinical and imaging variables between patients with or
without recurrent stroke. We determined the risk of subsequent
stroke in relation to each variable by multivariable Cox regres-
sion analysis. The regression model included time to recurrent
stroke as response and imaging and clinical predictors of recur-
rence with a univariate p value �0.05 as independent variables.
We first generated a clinical-based model (model A) based on
pertinent clinical data in the univariate analyses (table 3). We
then constructed a second model that included important clini-
cal and imaging information available to the physician at the
time of hospital admission. This was called clinical- and
imaging-based model or model B (table 3).

All covariates except for etiologic stroke subtype were intro-
duced into the regression model as dichotomous variables. The
latter was introduced as dummy variables using small artery oc-
clusion as the reference category (table 3). We evaluated each
independent variable for adherence to the assumption of propor-
tional hazards and examined the data for collinearity. We as-
signed scores for each predictor variable generated by rounding
the corresponding �-coefficient from the regression model to the
nearest integer. We calculated an overall risk score by summing
up scores for each independent predictor for a given patient. We
quantified the predictive validity of the model by computing the
receiver operating characteristic (ROC) curves in patients with
90-day follow-up,26 and compared the area under the ROC
curve (AUC) for different models using the Z-test.26,27 We evalu-
ated the calibration of our models as a measure of agreement
between observed risk (estimated risk from the Kaplan-Meier
curve) and predicted risks stratified according to risk scores using
Hosmer-Lemeshow �2 statistic.

Validation of the predictive model. We used cross-
validation to provide an unbiased internal assessment of the
model’s accuracy. For this, the whole dataset was randomly par-
titioned into 2 halves 1,000 times, each time testing one half of
the population using integer scores obtained from the coeffi-
cients trained by the other half.28 We further validated the model
in a separate cohort of consecutive stroke patients admitted to
the same institution between 2000 and 2003. We applied the
scores generated from the derivation cohort to the validation
cohort, computed an ROC curve, and compared its AUC to the
original model for significance.

RESULTS Study population. The derivation cohort
for model A comprised 1,458 consecutive patients.
MRI was not available in 201 of the 1,458 patients
because of contraindications135 or because the treat-
ing physician did not consider it clinically neces-
sary.66 The imaging-based model (model B) was,
therefore, generated in 1,257 patients. Baseline de-
mographics and clinical characteristics of the deriva-
tion cohort are summarized in table 1.

Follow-up events and the prognostic model. Follow-up
information was acquired through phone call assess-
ment in 392 and inspection of hospital visit notes in
1,066 patients. Complete 90-day follow-up was
available in 806 patients. The remaining either died
(213 patients) or had data on follow-up assessment

Table 2 Definitions for imaging features associated with stroke recurrence
at 90 daysa

Imaging feature Definition

Multiple acute infarcts20,21 Multiple noncontiguous lesions that were hyperintense on DWI
and hypointense on ADC maps

Simultaneous involvement of
different circulations20

Multiple acute ischemic lesions secondary to acute or
subacute infarcts in both right and left anterior circulations or
in both anterior and posterior circulations

Multiple infarcts of different
ages19,23

Ischemic lesions with hyperintense signal on DWI that met at
least 2 of the following 3 combinations of signal changes on
ADC and FLAIR images:

Hypointense on ADC, isointense on FLAIR (hyperacute)

Hypointense on ADC, hyperintense on FLAIR (early acute)

Isointense on ADC, hyperintense on FLAIR (late acute or
subacute)

Infarct topography7,16,21 Isolated cortical, isolated deep (lacunar), and subcortical with
or without cortical involvement

Chronic infarcts22 Clinically silent or symptomatic territorial lesions that were
hyperintense on FLAIR and hypo- or isointense on DWI

Internal watershed infarcts21 Rosary-like pattern of infarcts that were arranged in a linear
fashion parallel to the lateral ventricle and located in the
centrum semiovale or corona radiata

Abbreviations: ADC � apparent diffusion coefficient; DWI � diffusion-weighted imaging;
FLAIR � fluid-attenuated inversion recovery.
aThe � value (95% confidence interval) for interexaminer reliability using the definitions for
independent imaging features provided in this table was 0.90 (0.84 – 0.96) for multiple
acute infarcts, 0.90 (0.79 –1.00) for simultaneous infarcts in different circulations, 0.79
(0.66 – 0.92) for multiple infarcts of different ages, and 0.84 (0.76 – 0.92) for infarct
topography.
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between discharge and 90 days (439 patients). None
of the 213 patients who died had recurrent stroke
during the follow-up period. In the group with in-
complete follow-up, time to follow-up assessment
ranged between 3 and 87 days (mean: 14 � 18 days).
Overall, 75% of patient-days in the study were taken
into account in the Cox regression model. There was
no difference between patients with and without
complete follow-up with respect to RRE-90 scores
and predictors of early stroke recurrence in table 1
except for isolated cortical infarcts, which were more
common in those with complete follow-up (table e-1
on the Neurology® Web site at www.neurology.org). A
total of 60 patients developed recurrent ischemic stroke;
4 did not have MRI within the first 72 hours and 2 had
recurrent stroke before brain MRI was performed.
Analyses that included imaging data were therefore
based on 54 recurrence events. The median time from
symptom onset to MRI was 11.8 hours (IQR, 5.8–
27.1 hours). Thirty patients developed recurrent stroke
within the first 14 days. The risk of recurrence adjusted
for time to follow-up was 2.6% (95% confidence inter-
val [CI], 1.6%–3.5%) at 14 days and 6.0% (95% CI,
4.5%–7.5%) at 90 days. All univariate clinical and im-
aging predictors retained significant effect on 90-day
risk of recurrent stroke in Cox regression model (table
3). A forward selection model including all baseline
variables listed in table 1 identified the same predictors
with the Cox regression model.

Both model A and model B fulfilled the propor-
tional hazards assumption and were significant at a p
value of �0.001 (log likelihood test). The total pre-
dictor degrees of freedom was 5 for 60 outcome
events in model A, and 6 for 54 outcome events in
model B. The �-coefficients and corresponding inte-
ger scores for each independent predictor are pre-
sented in table 3. Table 4 shows total point scores
and corresponding adjusted risks for models
A and B (an automated calculator is available at
http://www.nmr.mgh.harvard.edu/RRE-90/). The
risk of recurrent stroke at 90 days rose with increas-
ing number of independent predictors in each model
(p � 0.001, log-rank test). The calibration �2 statis-
tics revealed a p value for lack of fit of 0.933 for
model A and 0.092 for model B, indicating adequate
calibration. In the derivation cohort, 8.2% of pa-
tients with a score �3 by model A had a score �3
according to model B whereas 57% of patients with
score �3 per model A had a score �3 by model B.

Evaluation and validation of the predictive model.
ROC analysis was performed in patients with com-
plete 90-day follow-up (n � 728) using the scores
generated from the Cox regression model. The AUC
was 0.70 (95% CI, 0.63–0.77) for model A and 0.80
(95% CI, 0.73–0.86) for model B (p � 0.048).

The validation dataset comprised 433 consecutive
patients and was similar to the derivation cohort ex-
cept that more patients received anticoagulation in

Table 3 Independent predictors of 90-day risk of strokea

Independent variables

Model A: Clinical-based model Model B: Clinical- and imaging-based model

�-Coefficient p Score �-Coefficient p Score

Multiple infarcts of different ages — — — 0.95 0.002 1

Simultaneous infarcts in different
circulations

— — — 1.24 0.001 1

Multiple acute infarcts — — — 0.86 0.009 1

Isolated cortical infarcts — — — 1.28 �0.001 1

History of TIA or stroke within the
month preceding index stroke

1.25 �0.001 1 1.25 �0.001 1

Admission CCS subtype 1.16 �0.001 1

Large artery atherosclerosis 2.27 2

Cardio-aortic embolism 2.01 2

Small artery occlusion 0.00 �0.001 0

Other causes 3.09 3

Undetermined causes 1.41 1

Area under ROC curve 0.70 (0.63–0.77) 0.80 (0.73–0.86)

Abbreviations: CCS � Causative Classification of Stroke System; ROC � receiver operating characteristic.
aEtiologic stroke subtype was introduced into model B as a dichotomous variable stratified by the strength of associations
with stroke recurrence in univariate analyses (large artery atherosclerosis and other causes vs small artery occlusion,
cardio-aortic embolism, and undetermined causes). Despite a significant univariate p value, the imaging finding of isolated
lacunar infarction was not included into models A and B as this information was already conveyed by etiologic stroke
subtype.
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the former (60% vs 41%, p � 0.001). Twenty-six
patients developed a recurrent ischemic stroke. The
AUC was 0.70 (95% CI, 0.61–0.79) for model A,
and 0.76 (95% CI, 0.66–0.87) for model B. There
was no difference in AUC between validation and
derivation cohorts (p � 0.986 for model A and p �
0.553 for model B). The predicted risks rose as the
score increased in the validation dataset (p � 0.001
for linear trend). Internal validation analysis for
model B revealed that the mean cross-validated AUC
was 0.77 (95% prediction interval, 0.70–0.84), sug-
gesting that the bias coming from predicting on the
same dataset used for fitting was approximately 3%.

A time epoch analysis showed that the perfor-
mance of model B did not significantly change with
respect to time from onset to MRI; the AUC was
0.78 (95% CI, 0.71–0.86) for 24 hours and 0.79
(95% CI, 0.72–0.86) for 48 hours. There were 39
patients with a recurrent event within 14 days of the
index stroke in both derivation and validation co-
horts. The AUC for predicting 14-day risk was 0.80
(95% CI, 0.72–0.87). There were 271 minor (NIH
Stroke Scale �4) and 457 major (NIH Stroke Scale
�4) stroke patients in the derivation dataset. The
AUC was 0.83 (95% CI, 0.74–0.93) in minor and
0.78 (95% CI, 0.69–0.86) in major strokes. The
AUC for short-term recurrence risk in our dataset
was 0.56 (95% CI, 0.49–0.64) for Stroke Prognosis
Instrument II and 0.59 (95% CI, 0.53–0.66) for Es-
sen Stroke Risk Score.

DISCUSSION The current results provide evidence
in 5 important domains. First, our findings confirm
the published evidence that conventional risk factors
for long-term recurrence such as hypertension, dia-
betes mellitus, and smoking do not confer a risk for
stroke over the short term (90 days).1-7,14 Scores
based on predictors of the long-term risk such as the
Stroke Prognosis Instrument II and the Essen Stroke
Risk Score, therefore, offer only limited predictive

value in the short term. Second, as also reported pre-
viously, etiologic stroke subtype6,7,16,17,29 and prior
history of recent TIA/stroke17 are significant clinical
predictors of 90-day recurrence risk after ischemic
stroke. Nevertheless, the accuracy of predictions
based on these predictors alone is modest (AUC �

0.70). Third, predictions by clinical variables can be
significantly improved when imaging information is
taken into account. The resultant score is called re-
currence risk estimator at 90 days, or RRE-90.
RRE-90 demonstrates good discrimination (AUC �

0.80) and calibration for predicting 90-day risk of
recurrent stroke. Fourth, approximately 50% of re-
current strokes occurring in the first 90 days happen
within the first 14 days. The RRE-90 provides good
discrimination for predicting 14-day risk of recurrence
(AUC � 0.80). Finally, the diagnostic performance of
the RRE-90 is maintained after cross-validation and
when applied to an independent cohort (AUC � 0.76),
suggesting that it has promise when advanced to multi-
center validation phase.

Various prior studies have also explored the rela-
tionship between imaging characteristics and stroke
recurrence. However, while doing this, a significant
proportion of such studies either failed to provide
any imaging confirmation of recurrent stroke or used
much less sensitive imaging methods such as com-
puterized tomography.1,2,16,30 The remaining have
chosen not to evaluate multiple imaging features in
simultaneous context with each other1,16,17 or assessed
a small number of outcome events for the number of
independent variables in multivariable analyses.16,17

The current study undertakes a simultaneous assess-
ment of all recognized imaging and clinical features
associated with early recurrence. A major strength of
the present study is the use of MRI for confirming
the adjudication of recurrent stroke. Conventional
definitions based on clinical diagnosis of a temporally
distinct event often fail to differentiate a recurrent

Table 4 Recurrence risk estimator at 90 days (RRE-90) score and risk of recurrent strokea

RRE-90
Score

Model A: Clinical-based model Model B: Clinical- and imaging-based model

Derivation cohort

Validation cohort

Derivation cohort

Validation cohort
No. of
patients

No. of patients
with recurrence

Estimated risk of
recurrence (95% CI)

Estimated risk of
recurrence (95% CI)

No. of
patients

No. of patients
with recurrence

Estimated risk of
recurrence (95% CI)

Estimated risk of
recurrence (95% CI)

0 140 1 1.1% (0.0–3.3) 0.0% (0.0–4.8) 402 2 0.7% (0.0–1.8) 1.3% (0.0–3.1)

1 509 12 3.4% (1.5–5.3) 3.9% (1.2–6.5) 384 10 3.9% (1.5–6.3) 3.9% (0.8–7.0)

2 667 26 5.9% (3.6–8.1) 8.7% (3.8–13.4) 322 10 4.2% (1.6–6.8) 6.4% (1.4–11.3)

3 134 18 19.1% (11.1–27.2) 14.3% (1.3–27.3) 123 24 27.3% (17.8–36.8) 31.0% (14.2–47.9)

4–6 8 3 45.3% (6.0–84.6) 42.9% (6.0–79.5) 26 8 38.8% (17.2–60.5) 100.0% (0.0–100.0)

Abbreviation: CI � confidence interval.
aEstimated risks were obtained from the Kaplan-Meier curves.
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stroke from an event that is caused by progression or
local complications (edema, seizures) of index
stroke,31 hampering the specificity of diagnoses.
Brain imaging allows objective assessment of clinical
events as to whether a new event is in fact caused by
recurrent infarct, and is routinely used for this in
clinical practice. The choice of imaging in the cur-
rent study was MRI because MRI, in particular
DWI, is markedly superior to other imaging tech-
niques in the evaluation of small ischemic lesions as
well as in differentiating acute infarcts from chronic
lesions.32,33 Although recent evidence suggests that
routine use of MRI in acute stroke is justified,33 MRI
suffers from limited accessibility and applicability. In
order to ensure utility in circumstances in which
MRI is not readily accessible, the RRE-90 automati-
cally allows risk predictions using only the available
clinical data (model A) yet predictions based on clin-
ical data alone are less optimal than those from clini-
cal and imaging-based model (model B).

Although etiologic stroke subtype is a significant
predictor for short-term recurrence risk,6,7,16 this
knowledge has thus far not been incorporated explic-
itly into predictive models. One reason for this is that
identification of etiologic stroke subtype requires a
comprehensive stroke evaluation and depends on the
depth and speed of etiologic stroke investigation,
which varies considerably across individual prac-
tices.34,35 It is therefore possible that a recurrent
stroke may occur before an accurate subtyping is
done. The major premise of the current tool is its
ability to allow risk stratification with information
available to physician immediately after initial stroke
evaluation. Baseline imaging features of infarcts pro-
vide the prognostic information that relates to the
underlying stroke mechanism. For instance, simulta-
neous infarcts in multiple circulations often indicate
an unstable embolic source that is more proximal
than carotid arteries. Infarct topography differenti-
ates isolated cortical infarcts caused by small emboli
from an unstable source from isolated subcortical or
deep lesions caused by local small artery disease.
Multiple acute infarcts often specify factors that si-
multaneously affect more than one artery such as
proximal embolism and vasculitides. Other compo-
nents of the RRE-90 such as recent history of TIA/
stroke and multiple infarcts of different ages provide
valuable temporal information that there is a contin-
ued risk of recurrent events. Because etiologic sub-
types represent a combination of heterogeneous
conditions with substantial variation in baseline indi-
vidual risk, the continuity information plays a key
role in discriminating whether or not the underlying
stroke mechanism is unstable.36,37

Strengths of the present study include large sam-
ple size, imaging-based objective definition of out-
come events, blind assessment of covariates to the
outcome events, and Web-based availability of the
final predictive model. Limitations include retro-
spective design, lack of external validation, incom-
plete follow-up, and single hospital setting where
referral bias can potentially occur. Despite a rigorous
derivation process, there were patients with missing
follow-up information. This, however, unlikely
caused a systematic bias toward selection of a partic-
ular risk population because most baseline predictors
and distribution of RRE-90 scores were similar in
cohorts with or without complete follow-up. Never-
theless, external validation is critical for the generaliz-
ability of our results. The number of recurrent events
per predictor variable in model B was smaller than
recommended,38 suggesting that overfitting might
have occurred. Likewise, we cannot exclude the pos-
sibility of overfitting during the cross-validation pro-
cedure because coefficients were generated using only
half of the dataset. Small number of recurrent events
might have also caused missing of important differ-
ences in model performance in the validation dataset.
Because the RRE-90 tool was constructed using only
baseline clinical and imaging data, it does not take
into account the intensity and choice of preventive
stroke treatment. Differences in predictive perfor-
mance of the algorithm may occur in external set-
tings where timing and type of preventive stroke
treatments substantially differ. The use of stringent
univariate p value threshold for eligibility into multi-
variable models limited our ability to test all poten-
tial predictors. Future studies with larger datasets
could address whether incorporation of additional
risk factors further improve predictions. Finally, the
use of a liberal time window to obtain MRI (72
hours) as opposed to earlier time points may have
caused more frequent detection of multiple acute in-
farcts on baseline MRI as a result of accumulation of
ischemic lesions over time. Nevertheless, the time ep-
och analysis that revealed that the diagnostic perfor-
mance of the model did not significantly change with
respect to time from symptom onset to MRI strongly
argues against this.

Risk stratification tools like RRE-90 offer utility
in improving stroke care and outcome, because such
tools have the potential to boost the development of
stroke management algorithms that are based on in-
dividual patient characteristics. For instance, admis-
sion to specialized stroke centers with necessary
infrastructure for prompt etiologic investigation and
preventive treatment such as early carotid endarterec-
tomy may offer greater benefit in high-risk patients
whereas elective evaluation and management may be
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justified in low-risk patients in settings where re-
sources are limited. Care at specialized centers can
also provide an added benefit from the opportunity
to administer treatment timely in the event of a re-
current stroke in high-risk patients. Stratification sys-
tems like RRE-90 could also serve as a tool for use in
clinical trials testing new preventive strategies. Al-
though 90-day recurrence is not a typical outcome
measure in stroke prevention trials, there are several
preventive treatments applied at the acute setting
(anticoagulation, combination antiplatelets, endo-
vascular procedures) with modest benefit but signifi-
cant risk or cost that necessitate assessment in the
short term for a more targeted approach. The
RRE-90 tool can provide an excellent opportunity
for this if validated externally. Prospective demon-
stration that the use of RRE-90 improves current
practice and research in acute stroke remains to be
determined.

AUTHOR CONTRIBUTIONS
Statistical analysis was conducted by Drs. Vangel and Arsava.

DISCLOSURE
Dr. Ay receives research support from the NIH [R01-NS059710 (PI)].

Dr. Gungor and Dr. Arsava report no disclosures. Dr. Rosand receives

research support from the NIH [R01-NS059727 (PI)] and from the

American Heart Association. Dr. Vangel reports no disclosures. Dr. Ben-

ner serves as a consultant for Siemens Medical Solutions and Bayer Scher-

ing Pharma. Dr. Schwamm serves on scientific advisory boards for

CoAxia, Inc. and Phreesia; has received honoraria and funding for travel

for lectures or educational activities not funded by industry; serves on the

editorial board of Neurocritical Care; may accrue revenue on US Patent

6,542,769 (filed 2003): Imaging system for obtaining quantitative perfu-

sion indices; his spouse receives royalties from publishing Obstetric Anes-

thesia (Cambridge Pocket Clinicians, 2007–2009); serves as a consultant

to Medtronic, Inc./CryoCath, Research Triangle Inc., and the Massachu-

setts Department of Public Health; serves on an external scientific review

committee for the Canadian Stroke Network; and receives research

support from Forest Laboratories, Inc., the NIH [NINDS P50

NS051343-01 (Co-I), NINDS U01 NS052220 IMS-3 (Site PI), and

NCRR 1 UL 1 RR025758-01 (CRC Staff)] and the DHHS/CDC [5

U13 DP001176-02 (PI)]. Dr. Furie has served on scientific advisory

boards for Novartis and GE Healthcare and receives research support

from the NIH/NINDS [R01-HS011392 (PI) and P50-NS051343 (PI)],

the American Heart Association, and the Deane Institute. Dr. Koroshetz

is a full-time employee of the NIH and holds stock in NeuroLogica. Dr.

Sorensen has served on scientific advisory boards for Olea Medical and

Breakaway Imaging; has received funding for travel from Genentech, Inc.,

Siemens Medical Solutions, Millennium Pharmaceuticals, Inc., AstraZeneca,

and for speaking and educational activities not funded by industry; serves

as a Section Editor of Stroke and on the editorial boards of The Oncologist

and the Journal of Clinical Oncology; may accrue revenue on US Patent

7020578 (issued 2001): Method for evaluating novel, stroke treatments

using a tissue risk map, US Patent 6542769 (issued 2000): Imaging sys-

tem for obtaining quantitative perfusion indices, US Patent 10558343

(issued 2004): Delay-compensated calculation of tissue blood flow, US

Patent 11075990 (issued: 2005): High-flow oxygen delivery system and

methods of use thereof, and US Patent 11417769 (issued: 2006): Mag-

netic resonance spatial risk map for tissue outcome prediction; receives

royalties from publishing Cerebral MR Perfusion Imaging (Thieme, 2000);

has received honoraria from Siemens Medical Solutions, Novartis, GE

Healthcare, and for speaking and educational activities not funded by

industry; has served as a consultant to Mitsubishi Tanabe Pharma Corpo-

ration, AstraZeneca, and Genentech, Inc.; receives research support from

Millennium Pharmaceuticals, Inc., Siemens Medical Solutions, AstraZeneca,

Genentech Inc., Novartis, Merck Serono, Schering Plough Corp, the

NIH [NINDS NS38477 (PI), NCI CA137254 (PI), NINDS NS063925

(PI), and NINDS NS061119 (PI)]; and holds stock and stock options in

Epix Pharmaceuticals.

Received February 9, 2009. Accepted in final form August 11, 2009.

REFERENCES
1. Burn J, Dennis M, Bamford J, Sandercock P, Wade D,

Warlow C. Long-term risk of recurrent stroke after a first-
ever stroke: The Oxfordshire Community Stroke Project.
Stroke 1994;25:333–337.

2. Petty GW, Brown RD Jr, Whisnant JP, Sicks JD,
O’Fallon WM, Wiebers DO. Survival and recurrence after
first cerebral infarction: a population-based study in Roch-
ester, Minnesota, 1975 through 1989. Neurology 1998;
50:208–216.

3. Sacco RL, Shi T, Zamanillo MC, Kargman DE. Predictors
of mortality and recurrence after hospitalized cerebral in-
farction in an urban community: the Northern Manhattan
Stroke Study. Neurology 1994;44:626–634.

4. Hillen T, Coshall C, Tilling K, Rudd AG, McGovern R,
Wolfe CD; South London Stroke Register. Cause of stroke
recurrence is multifactorial: patterns, risk factors, and out-
comes of stroke recurrence in the South London Stroke
Register. Stroke 2003;34:1457–1463.

5. Hankey GJ, Jamrozik K, Broadhurst RJ, et al. Long-term
risk of first recurrent stroke in the Perth Community
Stroke Study. Stroke 1998;29:2491–2500.

6. Sacco RL, Foulkes MA, Mohr JP, Wolf PA, Hier DB,
Price TR. Determinants of early recurrence of cerebral in-
farction: The Stroke Data Bank. Stroke 1989;20:983–989.

7. Moroney JT, Bagiella E, Paik MC, Sacco RL, Desmond
DW. Risk factors for early recurrence after ischemic stroke:
the role of stroke syndrome and subtype. Stroke 1998;29:
2118–2124.

8. Kennedy J, Hill MD, Ryckborst KJ, Eliasziw M, Dem-
chuk AM, Buchan AM; FASTER Investigators. Fast as-
sessment of stroke and transient ischaemic attack to
prevent early recurrence (FASTER): a randomised con-
trolled pilot trial. Lancet Neurol 2007;6:961–969.

9. Lavallée PC, Meseguer E, Abboud H, et al. A transient
ischaemic attack clinic with round-the-clock access (SOS-
TIA): feasibility and effects. Lancet Neurol 2007;6:953–
960.

10. Rothwell PM, Giles MF, Chandratheva A, et al. Early use
of Existing Preventive Strategies for Stroke (EXPRESS)
study: effect of urgent treatment of transient ischaemic at-
tack and minor stroke on early recurrent stroke (EXPRESS
study): a prospective population-based sequential compar-
ison. Lancet 2007;370:1432–1442.

11. Alberts MJ, Hademenos G, Latchaw RE, et al. Recom-
mendations for the establishment of primary stroke cen-
ters: Brain Attack Coalition. JAMA 2000;283:3102–3109.

12. Kernan WN, Viscoli CM, Brass LM, et al. The Stroke
Prognosis Instrument II (SPI-II): a clinical prediction in-
strument for patients with transient ischemia and nondis-
abling ischemic stroke. Stroke 2000;31:456–462.

13. Weimar C, Diener HC, Alberts MJ, et al. REduction of
Atherothrombosis for Continued Health Registry Investi-
gators: The Essen stroke risk score predicts recurrent car-
diovascular events: a validation within the REduction of

134 Neurology 74 January 12, 2010



Atherothrombosis for Continued Health (REACH) regis-
try. Stroke 2009;40:350–354.

14. Jørgensen HS, Nakayama H, Reith J, Raaschou HO, Ol-
sen TS. Stroke recurrence: predictors, severity, and prog-
nosis: The Copenhagen Stroke Study. Neurology 1997;48:
891–895.

15. Sacco RL, Adams R, Albers G, et al; American Heart Asso-
ciation; American Stroke Association Council on Stroke;
Council on Cardiovascular Radiology and Intervention;
American Academy of Neurology. Guidelines for preven-
tion of stroke in patients with ischemic stroke or transient
ischemic attack: a statement for healthcare professionals
from the American Heart Association/American Stroke
Association Council on Stroke: co-sponsored by the Coun-
cil on Cardiovascular Radiology and Intervention: the
American Academy of Neurology affirms the value of this
guideline. Stroke 2006;37:577–617.

16. Petty GW, Brown RD, Jr., Whisnant JP, Sicks JD,
O’Fallon WM, Wiebers DO. Ischemic stroke subtypes: a
population-based study of functional outcome, survival,
and recurrence. Stroke 2000;31:1062–1068.

17. Leira EC, Chang KC, Davis PH, et al. Can we predict
early recurrence in acute stroke? Cerebrovasc Dis 2004;18:
139–144.

18. Ay H, Benner T, Arsava EM, et al. A computerized algo-
rithm for etiologic classification of ischemic stroke: the
Causative Classification of Stroke System. Stroke 2007;38:
2979–2984.

19. Sylaja PN, Coutts SB, Subramaniam S, Hill MD, Eliasziw
M, Demchuk AM; VISION Study Group. Acute ischemic
lesions of varying ages predict risk of ischemic events in
stroke/TIA patients. Neurology 2007;68:415–419.

20. Wen HM, Lam WW, Rainer T, et al. Multiple acute cere-
bral infarcts on diffusion-weighted imaging and risk of re-
current stroke. Neurology 2004;63:1317–1319.

21. Bang OY, Lee PH, Heo KG, Joo US, Yoon SR, Kim SY.
Specific DWI lesion patterns predict prognosis after acute
ischaemic stroke within the MCA territory. J Neurol Neu-
rosurg Psychiatry 2005;76:1222–1228.

22. Hougaku H, Matsumoto M, Handa N, et al. Asymptom-
atic carotid lesions and silent cerebral infarction. Stroke
1994;25:566–570.

23. Lansberg MG, Thijs VN, O’Brien MW, et al. Evolution of
apparent diffusion coefficient, diffusion-weighted, and
T2-weighted signal intensity of acute stroke. AJNR Am J
Neuroradiol 2001;22:637–644.

24. Ay H, Arsava EM, Rosand J, et al. Severity of leukoaraiosis
and susceptibility to infarct growth in acute stroke. Stroke
2008;39:1409–1413.

25. Arsava EM, Rahman R, Rosand J, et al. Severity of leuko-

araiosis correlates with clinical outcome after ischemic

stroke. Neurology 2009;72:1403–1410.

26. Hanley JA, McNeil BJ. The meaning and use of the area

under a receiver operating characteristic (ROC) curve. Ra-

diology 1982;143:29–36.

27. Hanley JA, McNeil BJ. A method of comparing the areas

under receiver operating characteristic curves derived from

the same cases. Radiology 1983;148:839–843.

28. Efron B. Estimating the error rate of a prediction rule:

improvement on cross-validation. J Am Stat Assoc 1983;

78:316–331.

29. Kolominsky-Rabas PL, Weber M, Gefeller O, Neundoer-

fer B, Heuschmann PU. Epidemiology of ischemic stroke

subtypes according to TOAST criteria: incidence, recur-

rence, and long-term survival in ischemic stroke subtypes:

a population-based study. Stroke 2001;32:2735–2740.

30. Goldstein LB, Perry A. Early recurrent ischemic stroke: a

case-control study. Stroke 1992;23:1010–1013.

31. Coull AJ, Rothwell PM. Underestimation of the early risk

of recurrent stroke: evidence of the need for a standard

definition. Stroke 2004;35:1925–1929.

32. Ay H, Oliveira-Filho J, Buonanno FS, et al. “Footprints”

of transient ischemic attacks: a diffusion-weighted MRI

study. Cerebrovasc Dis 2002;14:177–186.

33. Chalela JA, Kidwell CS, Nentwich LM, et al. Magnetic

resonance imaging and computed tomography in emer-

gency assessment of patients with suspected acute stroke: a

prospective comparison. Lancet 2007;369:293–298.

34. Lee LJ, Kidwell CS, Alger J, Starkman S, Saver JL. Impact

on stroke subtype diagnosis of early diffusion-weighted

magnetic resonance imaging and magnetic resonance an-

giography. Stroke 2000;31:1081–1089.

35. Madden KP, Karanjia PN, Adams HP, Clarke WR, for the

TOAST Investigators. Accuracy of initial stroke subtype

diagnosis in the TOAST study. Neurology 1995;45:1975–

1979.
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